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(54) A METHOD FOR RELEASING A GRAPHENE LAYER FROM A TEMPLATE SUBSTRATE

(57) According to an aspect of the present inventive
concept there is provided method for releasing a graph-
ene layer from a template substrate on which the graph-
ene layer is provided, the method comprising:
subjecting the graphene layer and the template substrate
to a water treatment by soaking the graphene layer and

the template substrate in water such that water is inter-
calated between the template substrate and the graph-
ene layer; and
subjecting the graphene layer and the template substrate
to a delamination process, thereby releasing the graph-
ene layer from the template substrate.
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Description

Technical field

[0001] The present inventive concept relates to meth-
ods for releasing a graphene layer from a template sub-
strate.

Background

[0002] There is considerable interest in developing cir-
cuits and devices including graphene. One or more
graphene layers, each having a substantially 2D struc-
ture, may be formed on a template substrate, for instance
by chemical vapor deposition (CVD). The graphene lay-
er(s) are then to be released or delaminated from the
template substrate and transferred to a target substrate.
[0003] EP 2 719 797 discloses a graphene transfer
method wherein graphene is synthesized on an initial
substrate. The graphene is released from the substrate
using an electrolysis process. The released graphene is
subsequently bonded to a target substrate.
[0004] However, both the separation and the transfer
of a graphene layer remain challenging and process var-
iations may result in unreliable circuits or devices.

Summary of the inventive concept

[0005] An objective of the present inventive concept is
to provide an improved method for releasing a graphene
layer from a template substrate, enabling more reliable
separation of the graphene layer. Additional or alternative
objectives may be understood from the following.
[0006] According to a first aspect of the present inven-
tive concept there is provided a method for releasing a
graphene layer from a template substrate on which the
graphene layer is provided, the method comprising:

subjecting the graphene layer and the template sub-
strate to a water treatment by soaking the graphene
layer and the template substrate in water such that
water is intercalated between the template substrate
and the graphene layer; and
subjecting the graphene layer and the template sub-
strate to a delamination process, thereby releasing
the graphene layer from the template substrate.

[0007] As realized by the inventors, soaking the graph-
ene layer and the template substrate in liquid phase water
such that water is intercalated between the template sub-
strate and the graphene layer enables a more reliable
separation, i.e. delamination, of the graphene layer from
the template substrate. The intercalated water between
the template substrate and the graphene layer allows
separation by applying a smaller separation force to the
graphene layer and the template substrate during the
delamination process compared to the prior art. The in-
tercalated water also reduces risk of damaging graphene

layer during the delamination process.
[0008] By delamination process is hereby meant a
process adapted to drive a release of the graphene layer
from the template substrate. The graphene layer may be
bonded to the template substrate by adhesion. The
graphene layer may be bonded to the template substrate
by Van der Waal forces. The delamination process is in
other words a process adapted to break the bonding be-
tween the graphene layer and the template substrate. By
releasing or delaminating the graphene layer from the
template substrate the graphene layer may be separated
from the template substrate. The process may include
supplying energy to the graphene layer and the template
substrate in a form driving the release of the graphene
layer from the template substrate. Advantageous dela-
mination process will be further described below and may
include supplying the energy by means of bubble forma-
tion in a liquid, electrolysis and/or ultrasound.
[0009] By intercalation of water between the template
substrate and the graphene layer is hereby meant a proc-
ess wherein the water (in which the graphene layer and
the template substrate is submerged) enters between
the graphene layer and the template substrate. The in-
tercalated water may form one to a few (mono-)layers of
water. The intercalated water may also be referred to as
interfacial water (IFW).
[0010] The soaking may be of a duration allowing in-
tercalated water to form along at least a sufficient portion
of the interface between the graphene layer and the tem-
plate layer. A sufficient portion may here be understood
as a portion which is sufficient for allowing separation of
the graphene layer from the template substrate with no
or a minimum risk of damaging the graphene layer. Pref-
erably, the soaking may be of a duration allowing inter-
calated water to form along a major portion of the inter-
face between the graphene layer and the template layer.
More preferably, the soaking may be of a duration allow-
ing intercalated water to form along the entire interface
between the graphene layer and the template layer. This
may facilitate releasing the graphene layer from the tem-
plate substrate.
[0011] According to one embodiment the graphene
layer and the template substrate are subjected to the
water treatment by soaking for a predetermined duration
prior to initiating the delamination process. Thus, inter-
calated water may be formed between the graphene lay-
er and the template layer prior to subjecting the graphene
layer and the template layer to the conditions of the dela-
mination process. This may improve the overall efficiency
of the separation method and reduce the risk of damaging
the graphene layer.
[0012] However, it is also possible to apply the water
treatment and the delamination process with an overlap.
For instance, the graphene layer and the template layer
may be subjected to the delamination process at a re-
duced power (e.g. a lower rate of bubble formation, a
lower bias driving the electrolysis, reduced power of the
ultrasound).
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[0013] The graphene layer and the template substrate
may be subjected to the water treatment by soaking for
a predetermined duration of at least 1 hour. An extended
duration of the soaking enables intercalation of water
along a greater portion of the interface between the
graphene layer and the template substrate. Correspond-
ingly, an extended duration enables intercalation of water
along the entire interface between the graphene layer
and the template layer also for graphene layers of in-
creased lateral/in-plane dimensions.
[0014] The water may be heated to a temperature of
at least 30 °C, at least 50 °C, or at least 80 °C. Heating
the liquid phase water provides thermal energy which
may accelerate the intercalation process. An overall time
efficiency of the separation method may thereby be im-
proved.
[0015] In any case, the water is preferably heated to a
temperature below the boiling point. Bubble formation
prior to a sufficient water intercalation has occurred may
thereby be avoided.
[0016] The water treatment may include soaking the
graphene layer and the template substrate by submerg-
ing the graphene layer in the liquid phase water.
[0017] In addition to said water treatment and said
delamination process, the method may further include
transferring and bonding of the graphene layer to a target
substrate.
[0018] According to one embodiment, the method fur-
ther comprises:

transferring the template substrate and the graphene
layer to a target substrate and bonding the graphene
layer to the target substrate; and
subsequent to said transferring and bonding, sub-
jecting the template substrate and the graphene lay-
er to said delamination process wherein the graph-
ene layer is released from the template substrate
and remains bonded to the target substrate.

[0019] This method does not require any additional
temporary handling wafer between the delamination
process and the transfer and bonding. Obviating the need
of a temporary additional handling wafer reduces the risk
of contaminating the graphene layer during processing
relating to bonding and release from such a temporary
wafer. The method also enables reuse of the template
substrate.
[0020] The transfer may be performed prior to or sub-
sequent to the water treatment. A bonding process for
bonding the graphene layer to the target substrate may
be performed prior to the water treatment. The bonding
process may alternatively be performed subsequent to
the water treatment. The bonding process may alterna-
tively be performed with an overlap with respect to the
water treatment. Accordingly, the bonding may be
achieved during the water treatment.
[0021] By transferring the graphene layer to the target
substrate is hereby meant bringing a first (main) surface

of the graphene layer in contact with a (main) surface of
the target substrate. The graphene layer is provided on
the template substrate with a second (main) surface (op-
posite the first surface) of the graphene layer in contact
with a (main) surface of the template substrate. Accord-
ingly, the transfer includes forming of a stack including
the target substrate, the graphene layer and the template
substrate.
[0022] The graphene layer and the target substrate
may be bonded by dry bonding. Hence no intermediate
layers are needed between the graphene layer and the
hydrophobic surface of the target substrate. The graph-
ene layer may be bonded by applying a pressure to press
the graphene layer against the target substrate.
[0023] The graphene layer may be bonded to a hydro-
phobic surface of the target substrate. By virtue of the
hydrophobic surface of the target substrate, water inter-
calation between the target substrate and the graphene
layer may be counteracted.
[0024] The hydrophobic surface may be formed by a
self-assembled monolayer (SAM) on the target sub-
strate. The SAM may include a hydrophobic terminal
group or tail group. The head group of the SAM may be
selected to allow bonding thereof to the target substrate.
[0025] An alternative method embodiment including
transfer and bonding of the graphene layer further com-
prises:

forming a carrier layer on a second surface of the
graphene layer facing away from the template sub-
strate; and
subsequent to releasing the graphene layer from the
template substrate, transferring and bonding the
graphene layer to a target substrate with a first sur-
face of the graphene layer facing the target sub-
strate.

[0026] This embodiment allows a graphene layer to be
transferred and bonded to a target substrate. The carrier
layer allows protection of the second surface of the graph-
ene layer during the delamination process. The carrier
layer may further reduce the risk of cracking or folding of
the graphene layer during the delamination. The carrier
layer may also act as protection for the graphene layer
and facilitate handling of the graphene layer after the
delamination process, for instance during the transfer of
the graphene layer to the target substrate.
[0027] The forming of the carrier layer may be per-
formed prior to or subsequent to said water treatment.
[0028] Subsequent to the bonding, the carrier layer
may be removed from the second surface, wherein the
graphene layer remains on the target substrate.
[0029] By transferring the graphene layer to the target
substrate is hereby meant bringing the first (main) sur-
face of the graphene layer in contact with a (main) surface
of the target substrate. Accordingly, the transfer includes
forming of a stack including the target substrate and the
graphene layer. Subsequent to forming the carrier layer,
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also the carrier layer forms part of the stack.
[0030] The graphene layer and the target substrate
may be bonded by dry bonding. Hence no intermediate
layers are needed between the graphene layer and the
target substrate. The graphene layer may be bonded by
applying a pressure to press the graphene layer against
the target substrate.
[0031] The carrier layer may be a spin-coated organic
layer. The carrier layer may be a spin-coated polymer-
including layer. Spin-coating allows controlled forming of
a carrier layer as a thin film with good coverage and a
high degree of thickness control.
[0032] As discussed above, various delamination
processes are possible:
[0033] The delamination process may include sub-
merging the template substrate and the graphene layer
in a liquid and forming bubbles at the interface between
the template substrate and the graphene layer. Bubbles
forming at the interface may drive the release of the
graphene layer from the template substrate.
[0034] The delamination process may include subject-
ing the template substrate and the graphene layer to elec-
trolysis. Electrolysis allows convenient and accurate con-
trol of the resulting separation forces between the tem-
plate substrate and the graphene layer by controlling the
bias applied across the electrodes. By the electrolysis
bubbles may form at the interface between the graphene
layer and the template substrate.
[0035] The template substrate and the graphene layer
may be submerged in a liquid forming an electrolyte. A
bias may be applied by a voltage source across a first
electrode and a second electrode submerged in the liq-
uid.
[0036] The delamination process may include subject-
ing the template substrate and the graphene layer to ul-
trasound. By the resulting pressure waves bubbles may
form at the interface between the graphene layer and the
template substrate.
[0037] The template substrate and the graphene layer
may be submerged in a liquid. Ultrasonic signals may be
induced in the liquid. The ultrasonic signals may be ul-
trasonic pulses.
[0038] The liquid in which the graphene layer and the
template substrate may be submerged during the dela-
mination process, as set out above, may be formed by
the water used in the water treatment. In other words,
the water in which the graphene layer and the template
substrate are soaked such that that water is intercalated
between the template substrate and the graphene layer.
Hence, the water treatment and the delamination process
need not be performed at different and physically sepa-
rate processing equipment but may be performed at a
same location. For instance, the water treatment and the
delamination process may be performed in a same water-
including container or tank.
[0039] The graphene layer may be grown on the tem-
plate substrate. The template substrate may also be re-
ferred to as a growth substrate. Graphene layer may be

epitaxially grown on the template substrate. The graph-
ene layer may be grown by CVD.
[0040] The surface of the template substrate on which
the graphene layer is provided may be formed by a tran-
sition metal, an alloy of transition metals, a group III el-
ement or a group IV element. There exist growth proc-
esses enabling forming of high-quality graphene layers
on such template substrates.
[0041] The surface of the template substrate may be
formed by Platinum (Pt). Pt is an advantageous material
for CVD-based graphene growth and allows high quality
growth of both monolayer graphene and millimeter-sized
graphene islands. Pt has a comparably low tendency to
oxidize during the water treatment. Oxidization may oth-
erwise reduce the rate at which intercalation occurs dur-
ing the water treatment. Pt also allows the template sub-
strate to be used as an electrode during an electrolysis-
based delamination process.
[0042] The template substrate may include a growth
layer on which the graphene layer is provided and a sup-
port layer on which the growth layer is arranged. The
growth layer may be formed of any of the aforementioned
materials and with a thickness on the order of nanometers
to hundreds of nanometers. The growth layer may be
formed by a foil any of the aforementioned materials. The
support layer may support the growth layer. The support
layer may be a sapphire layer. The support layer may be
an MgO layer. The support layer may be a stack of a Si-
layer and an MgO-layer. The support layer may be an
Al2O3-layer. Such support layers enable template sub-
strates with a surface (i.e. of the growth layer) of 111-,
100- and 110-orientation.
[0043] It has been further realized by the inventors that
intercalation (between a graphene layer and a template
substrate) of other liquids than water also may enable a
more reliable separation, i.e. delamination, of the graph-
ene layer from the template substrate, compared to prior
art approaches.
[0044] Thus, according to a second aspect of the
present inventive concept there is provided a method for
releasing a graphene layer from a template substrate on
which the graphene layer is provided, the method com-
prising:

subjecting the graphene layer and the template sub-
strate to a liquid treatment by soaking the graphene
layer and the template substrate in a liquid such that
liquid is intercalated between the template substrate
and the graphene layer; and
subjecting the graphene layer and the template sub-
strate to a delamination process, thereby releasing
the graphene layer from the template substrate.

[0045] As discussed in connection with the first aspect,
the liquid treatment may advantageously be a water treat-
ment wherein the liquid may be liquid phase water. How-
ever, the liquid may more generally be a liquid of mole-
cules with a dipole moment and having a molecular size
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comparable to that of water.
[0046] According to one embodiment the liquid may be
(liquid phase) chloroform. By soaking the graphene layer
and the template substrate in chloroform the chloroform
may intercalate between the template substrate and the
graphene layer. This enables a more reliable separation,
i.e. delamination, of the graphene layer from the template
substrate.
[0047] The details and variations discussed in connec-
tion with the method of the first aspect apply correspond-
ingly to the method of the second aspect. For instance,
the graphene layer and the template substrate may be
subjected to the liquid treatment for a predetermined du-
ration of at least 1 hour. The liquid may be heated (e.g.
to a temperature above room temperature but below the
boiling point of the liquid) to accelerate the intercalation
process. The graphene layer may further be transferred
to a target substrate according to any of the above de-
scribed embodiments.

Brief description of the drawings

[0048] The above, as well as additional objects, fea-
tures and advantages of the present inventive concept,
will be better understood through the following illustrative
and non-limiting detailed description of preferred embod-
iments of the present inventive concept, with reference
to the appended drawings. In the drawings like reference
numerals will be used for like elements unless stated
otherwise.

Fig. 1a-c is a schematic illustration of a method for
releasing a graphene layer from a template sub-
strate.
Fig. 2a-c is a schematic illustration of a method for
releasing a graphene layer from a template substrate
and directly transferring and bonding the graphene
layer to a target substrate.
Fig. 3a-c is a schematic illustration of a method for
releasing a graphene layer from a template substrate
and subsequently transferring and bonding the
graphene layer to a target substrate.
Fig. 4a-d show SEM (scanning electron microscope)
images and results of Raman spectroscopy meas-
urements of a Pt foil/graphene layer before growth
and after a water treatment.
Fig. 5a-c show SEM and AFM (atomic force micro-
scope) measurements after a graphene layer has
been transferred and bonded to a target substrate.

Detailed description of preferred embodiments

[0049] Detailed embodiments of the present inventive
concept will now be described with reference to the draw-
ings.
[0050] A method for releasing a graphene layer 114
from a template substrate 112 will to be described with
reference to Fig. 1a-c.

[0051] Fig. 1 a illustrates the graphene layer 114 pro-
vided on the template substrate 112. The template sub-
strate 112 may include a support layer 112a and a growth
layer 112b. The growth layer 112b forms the main surface
of the template substrate 112 on which the graphene
layer 114 is provided. The growth layer 112b is arranged
on the support layer 112a.
[0052] The growth layer 112b may be formed by a foil
of a transition metal, for instance Pt, Cu, Ir or Ni. The
support layer 112a may be a sapphire layer. The support
layer 112a may be an MgO layer. The support layer 112a
may be a stack of a Si-layer and an MgO-layer. The sup-
port layer 112a may be a Al2O3-layer. The growth layer
112b may be formed with a 111-, 100- or 110-orientation
on the support layer 112a. In applications wherein no
particular crystallinity is required the support layer 112b
may also be a stack of a Si-layer and a SiO2-layer. Ac-
cording to a further option, a template substrate may be
formed by a group III or group IV semiconductor sub-
strate. Examples include a template substrate of a stack
of Si(111)/Ge(111), a stack of Si(100)/Ge(100), a bulk
Ge wafer or a stack of Sapphire(0001)/GaN.
[0053] The surface of the template substrate 112 on
which the graphene layer 114 is provided represents a
main surface of the template substrate 112. The main
surface of the template substrate 112 may be referred to
as a first or upper surface of the template substrate 112.
In Fig. 1a, the main surface of the template substrate 112
is formed by the growth layer 112b.
[0054] The surface of the graphene layer 114 facing
away from template substrate 112 represents a first main
surface of the graphene layer 114. The first main surface
of the graphene layer 114 may be referred to as a first
surface of the graphene layer 114. The surface of the
graphene layer 114 facing the template substrate 112
represents a second main surface of the graphene layer
114. The second main surface of the graphene layer 114
may be referred to as a second surface of the graphene
layer 114.
[0055] It should be noted that the drawings show the
layer structures in mere schematic manner. The dimen-
sion of the various layers, in particular the relative thick-
ness of the layers as illustrated may differ from a physical
structure. Also the lateral dimensions of the template sub-
strate 112 may typically be greater than those of the
graphene layer 114 such that one or more graphene lay-
ers are formed on only portions of main surface of the
template substrate 112.
[0056] The graphene layer 114 may be epitaxially
grown on the main surface of the template substrate 112
in a CVD process, in a manner which per se is known in
the art. The growth layer 112b may act as a catalyst dur-
ing the CVD process. Other options include epitaxially
growing a graphene layer by heating a SiC template sub-
strate.
[0057] The method comprises subjecting the graphene
layer 114 and the template substrate 112 to a water treat-
ment by soaking the graphene layer 114 and the template
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substrate 112 in water. The result of the water treatment
is illustrated in Fig. 1b wherein interfacial water 116 is
intercalated between the template substrate 112 and the
graphene layer 114.
[0058] The stack including the graphene layer 114 and
the template substrate 112 may be submerged in water
in a container or tank (not shown). The water used in the
water treatment may be de-ionized water. The water may
be ultra-pure water. De-ionized, and to an even greater
extent, ultra-pure water may result in a reduced occur-
rence of contaminations on the graphene layer 114. The
water may however also be an aqueous solution. The
solution may include dissolved salt. The water may be
aqueous NaCl, NaOH or KOH. A compound dissolved in
the water may accelerate the intercalation process. For
instance, the organization of the water molecules around
dissolved ions (such as Na+ or K+) may facilitate the
intercalation process.
[0059] The graphene layer 114 and the template sub-
strate 112 may be submerged in the water for a duration
which is sufficient for allowing intercalated water to form
along at least a sufficient portion of the interface between
the graphene layer 114 and the template layer 112. The
minimum duration for this to occur may be dependent on
factors such as the dimensions of the graphene layer
114, the particular composition of the water and the tem-
perature of the water.
[0060] Typically, for a given scenario, the minimum du-
ration required to obtain a sufficient degree of interfacial
water 116 may be determined by trial and error. For in-
stance, by submerging a sample stack including a graph-
ene layer 114 and a template substrate 112 for gradually
increasing durations and inspecting the stack, e.g. by
scanning electron microscopy (SEM), to determine the
presence of interfacial water 116
[0061] The presence of intercalated interfacial water
may be distinguished from water adsorbed to the main
surface of the graphene layer 114 facing away from the
template substrate 112 since adsorbed water is typically
removed by an annealing process, whereas intercalated
interfacial water is typically not. Hence, for the purpose
of establishing a minimum duration of the soaking, the
stack may be inspected by SEM after subjecting the stack
to an anneal step, for instance at 500 °C for an hour or
longer.
[0062] Once established for the sample, the predeter-
mined minimum duration may be used for water treat-
ment of stacks including a graphene layer 114 and a tem-
plate substrate 112 of a configuration corresponding to
that of the sample stack.
[0063] The graphene layer 114 and the template sub-
strate 112 may be subjected to the water treatment by
soaking for a predetermined duration of at least 1 hour.
[0064] To accelerate the intercalation process, the wa-
ter may be heated to a temperature above room temper-
ature. The water may be heated by heating coils arranged
in the tank or an immersion heater. The water may be
heated to a temperature of at least 30 °C, at least 50 °C,

or at least 80 °C. An elevated water temperature may
allow a sufficient amount of intercalated water to form
between the graphene layer 114 and the template sub-
strate 112 in a time span even shorter than 1 hour. Es-
pecially, if the graphene layer 114 is grown to present an
in-plane / lateral dimension on the order of only one to a
few millimeters, or less than one millimeter.
[0065] A SEM image of a Pt foil/graphene layer sample
stack immediately after growth is shown in Fig. 4a. The
observed color contrast corresponds mainly to different
Pt grain orientations, which is related to an electron chan-
neling contrast. The electron channeling contrast is
formed as a result of electron backscattering effects
which occur in a thin layer at the sample surface, which
makes it a surface sensitive technique. When the elec-
tron beam penetrates further into the Pt foil, elastic scat-
tering effects decollimate the electron beam and inelastic
scattering reduces the energy of the electrons. When the
electron beam penetrates the foil, the initially highly col-
limated beam, which is sensitive to the orientation of the
Pt grains, is decollimated. Further scattering effects lead
to the development of the bulk backscattering contribu-
tion, which is insensitive to crystal orientation, since the
beam electron trajectories are effectively randomized. A
few multilayer graphene spots are also visible in Fig. 4a
and are indicated with dashed lines.
[0066] After submerging the sample stack for 16 h in
50 °C ultra-pure water, the electron channeling contrast
of the different Pt grains is not visible anymore due to the
IFW layer, but the topography contrast arising from the
network of Pt grain boundaries can still be observed (see
Fig. 4b, c). Some of the Pt grain boundaries are indicated
with dashed lines for visibility in Fig. 4c.
[0067] Fig. 4d shows the results of Raman spectros-
copy measurements performed immediately after graph-
ene growth is (shown on top) and after the water treat-
ment (shown below). Three measurements M1, M2, M3
were performed at different locations of the graphene
layer before and after the water treatment. The width of
the Raman spot was approximately 1 mm. In each of the
measurements, the three pronounced peaks are visible,
namely the D, G, and 2D peak. The D-peak, also called
defect peak, is only present when the graphene layer is
defective. The G and 2D peak corresponds with oscilla-
tions of the carbon atoms in the graphene sheet. The
peak position, the full width half maximum and the peak
ratios give information of graphene layer thickness
(number of graphene layers), doping level of the graph-
ene sheet, strain in the layer, stacking of the layers etc.
The Raman spectroscopy shows a clear blue shift of the
G and 2D peaks. The small additional Raman peak at
2328 cm-1 is coming from N2 present in air. The results
show that after the water treatment, graphene is still
present on the surface, but IFW is intercalated between
the Pt foil and the graphene layer. Similar results have
been obtained with a duration of the water treatment of
about 3 hours with a water temperature of 80 °C.
[0068] With reference to Fig. 1c, subsequent to the wa-
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ter treatment, the graphene layer 114 and the template
substrate 112 are subjected to a delamination process.
As schematically illustrated, the graphene layer 114 is
thereby released and separated from the template sub-
strate 112. Following the delamination process the
graphene layer 114 may be transferred to a target sub-
strate as will be further described below.
[0069] The delamination process may include subject-
ing the template substrate 112 and the graphene layer
114 to electrolysis. The template substrate 112 and the
graphene layer 114 may be submerged in a liquid forming
an electrolyte. The electrolyte may be an NaCl, NaOH or
KOH solution. The concentration of the solution may be
in the range of 0.05 to 5 M. The temperature of the elec-
trolyte may be room temperature (e.g. 20 °C) or above.
[0070] A bias may be applied by a voltage source
across a first electrode and a second electrode sub-
merged in the liquid. If the template substrate 112 in-
cludes a conductor (such as Pt) the template substrate
112 may be connected to the voltage source and act as
a first electrode. A DC bias in the range of 1-20 V may
be applied. The DC bias may be applied until the graph-
ene layer 114 has been delaminated from the template
substrate 112. The DC bias may be applied for a duration
in the range of few seconds to one or a few minutes,
depending on for instance the magnitude of the DC bias.
[0071] The electrolysis results in an electrochemical
reaction wherein bubbles of O2 and H2 form in the elec-
trolyte. Especially, bubbles form at the interface between
the graphene layer 114 and the template substrate 112.
The interfacial bubbles may cause the template substrate
112 and the graphene layer 114 to eventually release
from each other.
[0072] The delamination process may alternatively in-
clude subjecting the template substrate 112 and the
graphene layer 114 to ultrasound. The stack including
the template substrate 112 and the graphene layer 114
may be submerged in a liquid. Ultrasonic signals may be
induced in the liquid by an ultrasonic transducer. The
ultrasonic signals may be ultrasonic pulses. By way of
example, ultrasonic signals of a frequency between 30
kHz and 2 MHz may be applied for a duration of a few
seconds to 30 minutes.
[0073] The stack including the template substrate 112
and the graphene layer 114 may be subjected to the ul-
trasound treatment until the graphene layer 114 has been
delaminated from the template substrate 112.
[0074] Ultrasonic waves in the liquid medium will when
incident on the graphene layer 114 and the template sub-
strate 112 impart a momentum which may cause the tem-
plate substrate 112 and the graphene layer 114 to be
released from each other. Additionally, during a low pres-
sure period of the soundwave, (vapor) bubbles may form
at the interface between the graphene layer 114 and the
template substrate 112. These bubbles may also con-
tribute to separation of the template substrate 112 and
the graphene layer 114.
[0075] Other delamination processes are also possi-

ble. For instance, the stack including the template sub-
strate 112 and the graphene layer 114 may be sub-
merged in NH4OH/H2O2/H2O or in heated ammonium
peroxide. According to another example, the stack in-
cluding the template substrate 112 and the graphene lay-
er 114 may be submerged in boiling water.
[0076] The water treatment and the delamination proc-
ess may be performed in different containers or tanks.
The stack including the template substrate 112 and the
graphene layer 114 may accordingly be transferred from
a first tank (for the water treatment) to a second tank,
different from the first tank, (for the delamination proc-
ess). It is however also possible to perform the water
treatment and the delamination process in a same tank.
If liquids with different properties are to be used in the
water treatment and the delamination process (for in-
stance if de-ionized or ultrapure water is to be used in
the water treatment) the water may be evacuated from
the tank following the water treatment and filled with an-
other liquid (e.g. an electrolyte) before the delamination
process is initiated.
[0077] Fig. 2a-c schematically illustrates a method for
releasing the graphene layer 114 from the template sub-
strate 112 and directly transferring and bonding the
graphene layer 114 to a target substrate 120.
[0078] As shown in Fig. 2a a stack including the graph-
ene layer 114, the template substrate 112 and interca-
lated water 116 forming IFW between the graphene layer
114 and the template substrate 112 is transferred to the
target substrate 120. The state of the stack hence cor-
responds to what was described in connection with Fig.
1b above. Accordingly, the template substrate 112 and
the graphene layer 114 are transferred to the target sub-
strate 120 subsequent to the water treatment.
[0079] The target substrate 120 may be a semiconduc-
tor substrate. The target substrate 120 may be a Si-sub-
strate. A silicon oxide layer may be arranged on the Si-
substrate. More generally, the target substrate 120 may
be a bulk semiconductor substrate, a group IV semicon-
ductor substrate (e.g. a Si-substrate or a Ge-substrate),
a group III-V semiconductor substrate (e.g. a GaAs-sub-
strate, an InGaAs-substrate, an InP-substrate), a silicon-
on-insulator (SOI) substrate, a silicon-on-glass sub-
strate, a silicon-on-sapphire substrate or a germanium-
on-insulator-substrate (GeOI), to name a few examples.
Partially completed devices of which the graphene layer
114 may form part may be present on the target substrate
120. The graphene layer 114 may also be arranged as
an interconnect between already completed devices on
the target substrate 120.
[0080] The target substrate 120 may as shown be pro-
vided with a hydrophobic surface in the form of a SAM
122. The SAM 112 may be formed by vapor deposition
in a manner which per se is known in the art. The SAM
may be a layer of perfluorodecyltrichlorosilane (FDTS).
The terminal or tail group of a FDTS SAM is hydrophobic.
The head group of a FDTS SAM allows bonding to a
silicon oxide layer on a Si-substrate (or to a correspond-
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ing oxide layer if the target substrate 120 is formed by
another semiconductor). An FDTS SAM is however only
an example and any SAM with a hydrophobic tail group
and a head group allowing bonding thereof to the target
substrate 112 is possible, for instance octadecyltrichlo-
rosilane (ODTS) and hexamethyldisilazane (HMDS). In
fact, the hydrophobic surface need not even be provided
by a SAM. For instance, a target substrate 120 of Si may
be provided by a hydrophobic SiO2 This can be obtained
by a short dilute HF dip, or by an oven oxidation of Si.
[0081] In Fig. 2b, the stack including the template sub-
strate 112 and the graphene layer 114 is subjected to a
bonding process, wherein the graphene layer 114 is
bonded to the target substrate 120, i.e. to the hydrophobic
SAM 112 thereon.
[0082] The bonding may be achieved by a dry bonding
process. A mechanical pressure on the order one to a
few hundreds of kPa may be applied to the stack (in a
normal direction to the layers of the stack). The pressure
may be applied until the graphene layer 114 has bonded
to the target substrate 120. The pressure may be applied
for a duration in the range of one minute to one or a few
tens of minutes. Other examples of bonding processes
include vacuum bonding and anodic bonding.
[0083] After the graphene layer 114 has been bonded
to the target substrate 120 (i.e. when the bonding process
is completed) the graphene layer 114 and the template
substrate 112 are subjected to the delamination process,
wherein the graphene layer 114 is released from the tem-
plate substrate 112. As shown in Fig. 2c, the graphene
layer 114 and the template substrate 112 may thereafter
be separated from each other while the graphene layer
114 remains bonded to the target substrate 120. By virtue
of the hydrophobic surface of the target substrate 120
provided by the SAM 122, water intercalation between
the target substrate 120 and the graphene layer 114 dur-
ing the water treatment may be counteracted.
[0084] Following the stage of the method shown in Fig.
2c, further conventional processing may be performed
for forming devices and circuits making use of the graph-
ene layer 114 on the substrate 120.
[0085] In the method shown in as shown in Fig. 2a-c,
the water treatment, the bonding process and the dela-
mination process are performed in a sequential and non-
overlapping manner. Variations are however possible:
[0086] According to one variation, the stack including
the graphene layer 114 and the template substrate may,
directly following the growth process, be transferred to
the target substrate 120. The bonding process may there-
after be performed wherein the graphene layer 114 is
bonded to the target substrate 120. Subsequent to the
bonding, the stack including the target substrate 120, the
SAM 122 (if present), the graphene layer 114 and the
template substrate 112 may be soaked in water such that
water is intercalated between the template substrate 112
and the graphene layer 114, as described above. Sub-
sequent to the water treatment, the delamination process
may be performed, causing the release of the graphene

layer 114 from the template substrate 112.
[0087] According to a further variation, the bonding
process may even be performed during (i.e. at least par-
tially overlap with) the water treatment. A mechanical
pressure may be applied to the stack including the target
substrate 120, the SAM 120 (if present), the graphene
layer 114 and the template substrate 112, while the stack
is being soaked.
[0088] According to further variation, the delamination
process may be performed during (i.e. at least partially
overlap with) the bonding process. A mechanical pres-
sure may be applied to the stack including the target sub-
strate 120, the SAM 120 (if present), the graphene layer
114 and the template substrate 112, while the delamina-
tion process, for instance by electrolysis, is performed.
The mechanical pressure may for instance be released
after completion of the electrolysis.
[0089] Fig. 5a-c shows SEM and AFM (atomic force
microscope) measurements after a graphene layer has
been transferred and bonded to a target substrate. In a
first step an Al2O3/Pt/graphene layer sample stack was
immersed in ultra-pure water at 50 °C for 16 h to achieve
water intercalation between the graphene layer and the
Pt(111) surface.
[0090] Next, a Si/SiO2 target substrate coated with a
FDTS SAM was bonded to the Al2O3/Pt(111)/IFW/graph-
ene layer sample stack by applying a pressure of 200
kPa to the sample stack. Next, electrolysis was per-
formed by applying a -2.5 V voltage for 2 min to the sam-
ple stack submerged in an 0.2 M NaOH electrolyte. The
aqueous NaOH was thereafter rinsed off with UPW until
the pH of the solution reached 7 and finally the pressure
applied to the sample stack was gradually removed.
[0091] Fig. 5a-c illustrate the feasibility of a direct
graphene layer transfer method from a template sub-
strate to a target substrate. The SEM and AFM meas-
urements shows presence of wrinkles in the graphene
layer. Those wrinkles may however be attributed to the
graphene growth process, since the thermal expansion
coefficient of graphene and Pt are different (wrinkles ap-
pear during cool down after growth) and not to the dela-
mination, transfer and bonding processes.
[0092] A Raman map obtained by Raman spectrosco-
py of the graphene layer after the transfer process gives
a full-width-half-maximum (FWHM) of the 2D peak of
Γ2D=27.362.2 cm-1. and a 2D/G peak ratio of 1.2260.11.
It is known that Γ2D is very sensitive to strain inhomoge-
neties on a nanometer length scale in the graphene
sheet. There is a direct correlation between the carrier
mobility and Γ2D. As a result, Γ2D may be an easily ac-
cessible quantity for classifying nanometer scale flatness
as well as the local electronic properties of a graphene
layer. The small value of Γ2D in the Raman maps is a
good indication of the virtues of the transfer process. An-
nealing the sample at 150 °C for 1 h in a nitrogen atmos-
phere decreases the 2D/G peak ratio to 1.0860.11 while
Γ2D remains almost identical. After annealing, graphene
doping is higher likely due to stronger interaction between
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the FDTS SAM and the graphene. A lower 2D/G ratio
shows a higher doping. The FWHM does not change
significantly, so the graphene mobility is not expected to
be impacted by the anneal step.
[0093] The results shown in Fig. 4-5 were obtained us-
ing a SEM (FEI Nova 200) and an AFM (Bruker Dimen-
sion Edge). The Raman spectroscopy was performed
using a Raman spectrometer (Horiba Labram HR) with
a green laser (λ = 532 nm) and a grating of 600 gr/mm.
[0094] Fig. 3a-c is a schematic illustration of a method
for releasing the graphene layer 114 from the template
substrate 112 and subsequently transferring and bond-
ing the graphene layer 114 to a target substrate 120. Fig.
3a corresponds to the stage of the method shown in Fig.
1c wherein the graphene layer 114 has released from
the template substrate 112 and been separated there-
from.
[0095] A carrier layer 130 is formed on the first surface
of the graphene layer 114 facing away from the template
substrate 112. The carrier layer 130 may be formed either
prior to or subsequent to the water treatment. The carrier
layer 130 may be a polymer-including layer. The carrier
layer 130 may be a spin-coated organic layer. The carrier
layer 130 may be a polymethylmethacrylate (PMMA)
spin-coated layer. The carrier layer 130 may be a stack
of a polydimethylsiloxane (PDMS) layer and a PMMA
layer, with the PMMA layer closest to the graphene layer
114. The carrier layer 130 may however also be other
types of organic layers, for instance of polystyrene, poly-
propylene or a thermal release tape to name a few ex-
amples.
[0096] In Fig. 3b, the graphene layer 114 and the car-
rier layer 130 are transferred to the target substrate 120,
with the first surface of the graphene layer 114 facing a
main surface of the target substrate 120. For details of
the target substrate 120, reference is made to the above
detailed discussion in connection with Fig. 2a-c.
[0097] In Fig. 3c, the graphene layer 114 has been
bonded to the target substrate 120. The bonding may be
achieved for instance by a dry bonding process as de-
scribed in connection with Fig. 2a-c. Adhesive bonding
techniques may however also be employed. Other ex-
amples of bonding processes include vacuum bonding
and anodic bonding. Subsequent to the bonding, the car-
rier layer 130 may be removed from the graphene layer
114, which remains on the target substrate 120. Depend-
ing on the type of carrier layer, the carrier layer 130 may
be removed by mechanical peeling, polishing and/or sol-
vents. Spin-coated organic layers may be dissolved in
room temperature acetone bath.
[0098] In the above the inventive concept has mainly
been described with reference to a limited number of ex-
amples. However, as is readily appreciated by a person
skilled in the art, other examples than the ones disclosed
above are equally possible within the scope of the inven-
tive concept, as defined by the appended claims.
[0099] For instance, it is possible to, instead of the "wa-
ter treatment" subject the graphene layer and the tem-

plate substrate to a liquid treatment by soaking the graph-
ene layer and the template substrate in a liquid such that
liquid is intercalated between the template substrate and
the graphene layer. The liquid may (as described above)
include water, however other liquids such as chloroform
may also be used. The above described methods may
be performed in a similar manner also in the case of soak-
ing the graphene layer and the template substrate in an-
other liquid than water. The delamination process may
for instance include submerging the stack including the
template substrate, the intercalated liquid and the graph-
ene layer into an electrolyte and performing an electrol-
ysis step.

Claims

1. A method for releasing a graphene layer from a tem-
plate substrate on which the graphene layer is pro-
vided, the method comprising:

subjecting the graphene layer and the template
substrate to a water treatment by soaking the
graphene layer and the template substrate in
water such that water is intercalated between
the template substrate and the graphene layer;
and
subjecting the graphene layer and the template
substrate to a delamination process, thereby re-
leasing the graphene layer from the template
substrate.

2. A method according to claim 1, wherein the graph-
ene layer and the template substrate are subjected
to the water treatment by soaking for a predeter-
mined duration prior to initiating the delamination
process.

3. A method according to any of the preceding claims,
wherein the graphene layer and the template sub-
strate are subjected to the water treatment by soak-
ing for a predetermined duration of at least 1 hour.

4. A method according to any of the preceding claims,
wherein the water is heated to a temperature of at
least 30 °C, at least 50 °C, or at least 80 °C.

5. A method according to claim any of the preceding
claims, further comprising:

transferring the template substrate and the
graphene layer to a target substrate and bonding
the graphene layer to the target substrate; and
subsequent to said transferring and bonding,
subjecting the template substrate and the graph-
ene layer to said delamination process wherein
the graphene layer is released from the template
substrate and remains bonded to the target sub-
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strate.

6. A method according to claim 5, wherein the graph-
ene layer is bonded to a hydrophobic surface of the
target substrate.

7. A method according to claim 6, wherein the hydro-
phobic surface is formed by a self-assembled mon-
olayer formed on the target substrate.

8. A method according to claim any claims 1-4, further
comprising:

forming a carrier layer on a second surface of
the graphene layer facing away from the tem-
plate substrate; and
subsequent to releasing the graphene layer
from the template substrate, transferring and
bonding the graphene layer to a target substrate
with a first surface of the graphene layer facing
the target substrate.

9. A method according to any of the preceding claims,
wherein said delamination process includes sub-
merging the template substrate and the graphene
layer in a liquid and forming bubbles at the interface
between the template substrate and the graphene
layer.

10. A method according to any of the preceding claims,
wherein said delamination process includes subject-
ing the template substrate and the graphene layer
to electrolysis.

11. A method according to any of the preceding claims,
wherein said delamination process includes subject-
ing the template substrate and the graphene layer
to ultrasound.

12. A method according to claim any of the preceding
claims, wherein the graphene layer is grown on the
template substrate.

13. A method according to claim any of the preceding
claims, wherein the surface of the template substrate
is formed by a transition metal, an alloy of transition
metals, a group III element or a group IV element.

14. A method according to claim any of the preceding
claims, wherein the surface of the template substrate
is formed by Pt.

15. A method according to any of the preceding claims,
wherein the template substrate includes a growth
layer on which the graphene layer is provided and a
support layer on which the growth layer is arranged.

16. A method for releasing a graphene layer from a tem-

plate substrate on which the graphene layer is pro-
vided, the method comprising:

subjecting the graphene layer and the template
substrate to a liquid treatment by soaking the
graphene layer and the template substrate in a
liquid such that liquid is intercalated between the
template substrate and the graphene layer; and
subjecting the graphene layer and the template
substrate to a delamination process, thereby re-
leasing the graphene layer from the template
substrate.
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